Root elongation is vital for plant growth. It is strongly influenced by changes in water distribution. In the context of water management, several methods have been used to improve soil water retention, such as additives in the form of superabsorbent hydrogels. However, little has been understood particularly on the direct relation of these additives to root growth. Improving the efficiency of these additives requires better understanding of water distribution in soil. Using a controlled visual setup of a 2D model system consisting of glass beads, we characterize evaporation as a function of wettability. Results suggest an optimum additive is a mixture of hydrophilic and hydrophobic components. Furthermore, experimental investigation has also been undertaken on root growth subject to various treatment conditions. Preliminary results suggest that roots respond to areas of relatively higher water content induced by an intrusion inserted in the medium as evidenced from greater root lengths in presence of the intrusion. These results are a first step to understanding root behavior under certain soil treatments and could potentially inspire techniques that will improve root growth.
Introduction
Plants need water to survive. Techniques are often used in both large-scale agricultural and small-scale gardening applications to ensure that more water is being supplied to plants. The addition of mulch, for instance, lessens the evaporation of water from soil [1] . A thorough literature review on the use of organic mulches has also shown indirect consequence to plant growth [2] because of the added nutrients provided by the decomposition of mulches. Irrigation is also a popular method of supplying water to agricultural crops. Rainwater or natural run-offs are usually common sources of irrigation water. Water is being harvested in catchments [3] and is concentrated toward smaller highly cultivated areas. Rice, for example, is often grown using irrigation water via well-planned water-management protocols.
Agricultural water management remains to be a key area of political, economic, and scientific discussion. For a great majority of the earth's populace, communities are often dependent on rainwater to grow their food crops. A research conducted by the International Water Management Institute (IWMI) concludes an immediate correlation between hunger, poverty, and water supply [4] . According to the IWMI, investments in finding solutions to water management and changes in local policies combine to help alleviate circumstances by improving yields for greater sustainability. From a research and technology standpoint, water management helps improve ecosystems and increase crop productivity in dry regions. Apart from improving irrigation efficiency, effective solutions to maximize water storage normally imply the use of additives mixed and infused with the soil. Currently, the commercial additives available are superabsorbent gels that swell in the presence of water. Among the most popular hydrogels are polyacrylamide-based hydrogels. These have been commonly employed to reduce irrigation frequency and boost water holding capacity [5] . Polyacrylamide (PA) gels have been known to hold increased quantities of water when they swell. These gels are able to flocculate suspended and dispersed particles that have been transported by water. Examples of which are clay and silt [6, 7] . These make them effective tools for furrow irrigation because it results to a greater surface porosity [6] . Some studies have suggested that PA gels can help improve crop lifetime and overall quality [8] . However, other studies have also pointed out the lack of sufficient results to draw out any direct correlation between the use of PA gels and plant growth viability [5, 9] . Oftentimes, the swelling and de-swelling cycles of these hydrogels contribute to their fragility [5] and, thus, decrease their robustness. Research has been continuously undertaken to find an optimum equilibrium between the chemical properties of the PA-based hydrogel and its water-retention capacities. Increasing the water-retention capacity of soil by using additives remains attractive in this field of research both academically and industrially, especially when it could improve the economy and control of water resources. However, to effectively design additives that could truly maximize impact on the improvement of water retention, focus must be made on the growth of roots and how they respond to diminishing water content in the medium. For this, it is essential to improve our knowledge and comprehension of various physical mechanisms that determine the storage of water in soils. A better understanding of these mechanisms coupled with the knowledge of how they are applied permits the development of additives (gel-based, polymer-based), which are capable of acting on soils. These additives act to minimize water evaporation in the soil and the rapid drainage of water toward the water table thereby facilitating the transfer of water toward the plants instead.
Water Transport and Root Elongation
The motion of plant roots in a granular medium, such as soil, is driven by a combination of water stress and mechanical impedance [10, 11] . These are some of the factors that could influence root behavior. When water content is low or when soil particles are too rigid and difficult for the roots to push aside, elongation could be compromised and as a result plant growth is minimal. Recent literature has provided insight into the forces the root exerts into penetrating through the granular material and how such force changes influence root growth [12] [13] [14] . In recent years, studying water extraction and root growth have developed perhaps because of an almost universal recognition that infusing superabsorbent additives are not enough, i.e., to increase crop yields, the root systems must elongate and they need to be extensive [10] . Understanding root movement can be a complex task because of the variety of factors that affect, influence, and possibly limit root growth. It is for this reason that research studies devoted on the matter have broken down the phenomenon into simpler components. This permits a more focused assessment of the intricate processes that govern root growth.
Water is essential to plant growth. Water-uptake studies using mature root architectures [11] have shown that water content around the roots is often depleted immediately. Over time, water content at the soil surface would decrease resulting to increasing water content at greater depths [10, 11] . This is consistent with earlier studies that have shown that water extraction is indeed greatest at the top, as volumetric water content increases with depth [15, 16] . This has been shown in both simple (taprooted) and complex (fasciculate) root systems [16] using experiments performed in two-dimensional (2D) systems.
Experimental Considerations
Studying root systems can be inherently complicated because roots normally operate belowground. However, 2D experiments [16, 17] have increasingly gained attention because of their relative simplicity compared to 3D, particularly in the aspect of visualization. Lentil roots (Lens culinaris) have been chosen as specimens because they germinate easily, grow relatively faster, and develop a relatively less complex root system. In addition, despite the confinement associated with 2D, experiments have shown that they do not induce artificial root behavior. These experiments have noted the comparable lentil-root-growth dynamics in 2D and 3D using real soil systems [17, 18] .
In these 2D experiments, root-growth chambers, termed rhizotrons, have been constructed. These are rather thin slabs of Hele-Shaw cells filled with at least a monolayer of roughly monodisperse glass beads (borosilicate, Sigma-Aldrich, U.S.) of diameter, d ¼ 1.0 6 0.2 mm as shown in Fig. 1 . The Hele-Shaw cells are built from two glass sheets (10 cm Â 15 cm) put together (Peerless Store and Glass, PA) using commercial silicon paste. To ensure that the cells can contain a monolayer stack of monodisperse glass beads, we put a spacer of a thickness, e, equivalent to the diameter of the glass beads. Only the top portion of the cell is left unsealed when oriented in a vertical manner. The actual thicknesses of the Hele-Shaw cells used in root experiments filled with glass beads had an average thickness of e ¼ 1.35 6 0.05 mm. As a result, the systems are actually quasi-2D as it is experimentally difficult to achieve a perfect 2D system. The glass sheets are washed with a hydrophobic silane solution (OMS Chemicals, Montréal, Canada) for 2 h to reduce liquid flow along the glass wall during evaporation. The glass beads are hydrophilic for all root-elongation experiments.
The model granular medium is initially fully saturated with water mixed with a minute concentration of Hoagland nutrient solution (25 % v/v). Furthermore, the size of the lentil root is considerably large enough to be observed and measured easily via image analysis. Indeed, this simple 2D setup permits to effectively contrast the root with that of the changes in water distribution when water is allowed to evaporate. Imaging of root growth using a camera (Canon 500D SLR) within certain time intervals permits measurement of root lengths and establishment of root-growth curves.
Lentil seeds are allowed to germinate first in the dark for about 3 days. After which the seeds have been carefully selected by mass before they are placed on the 2D cell. The roots are grown under ambient conditions, T ¼ 25 6 2 C and RH ¼ 40 %-60 %. The morphology of the root is tracked by image capture with respect to the changes in water distribution in the granular media. Prior to studying root growth, we first characterize the extent of the water distribution of the 2D wet granular medium during evaporation with respect to physical properties of the particles [19] . We vary wettability and particle size (d ¼ 0.53 6 0.05 mm and d ¼ 1.0 6 0.2 mm). Different surface-wetting treatments of the particles can drastically change the distribution of water during evaporation. In similar 2D Hele-Shaw cells, we fill these cells with monodisperse glass beads of different mixtures having different wetting properties. Because glass is naturally hydrophilic, we simply wash them with 0.01 M hydrochloric acid for a few hours at 70 C and then wash them with deionized water. We dry the beads in the oven at approximately 70 C for 24 h. The glass beads are made hydrophobic simply by washing them with the same hydrophobic silane solution (OMS Chemicals, Montréal, Canada). The hydrophobic glass beads are not completely hydrophobic, but are actually less hydrophilic. We take images of the liquid in contact with a glass bead particle to measure the contact angles. We measure the angles between the glass beads and the liquid bridge at the contact line position. We detect edges based on a gray level gradient and measure the contact angle using a MATLAB program. We experimentally determine the values of the contact angles, which are 16 6 5 for hydrophilic beads (HI) and 82 6 4 for hydrophobic/less hydrophilic (HO).
We vary the range of mixtures between 100 % hydrophobic (HO) and 100 % hydrophilic (HI), including 25 % HO/HI, 50 % HO/HI, and 75 % HO/HI. Evaporation characterization experiments are conducted in controlled environment chambers at T ¼ 30 C 6 2 C and RH ¼ 20 % 6 <2 %. The controlled chambers are glove boxes with dual humidification and dehumidification systems. The 2D cells are mounted on a balance (P4002 model, Denver Instruments, U.S.), located inside the glove box, to record mass loss as a function of time and images of the water distribution are taken using a Canon 500D camera with 18-55 mm lens. We use a light source to back illuminate the cell to easily distinguish the dry and water-filled zones.
Results and Discussion

CHARACTERIZATION OF EVAPORATION IN MODEL GRANULAR MEDIA
Evaporation is widely considered as an immiscible fluid displacement between air and water [20] . This process can be modeled through an invasion percolation process, where an invading gaseous phase slowly replaces the liquid in the medium. Numerous experimental and numerical studies on evaporation [19] [20] [21] [22] [23] have pointed out two distinct regimes occurring during this phenomenon: (1) a first regime of high rates owing to an extended network of interconnected liquid films linking the front to the evaporating surface, and (2) a second regime where evaporation flux markedly decreases and mass transfers are driven by diffusion ( Fig. 2(a) ). Evaporation from porous media would also exhibit three zones of varying degrees of saturation: a dry zone, a partially saturated zone, and a fully wet zone.
FIG. 2 (a)
To study the extent of the developing partially saturated zone, the wettability is also controlled by precisely varying the fraction of hydrophilic grains, HI (mass %) with respect to the fraction of hydrophobic grains, HO (mass %). The experiments are conducted under controlled conditions. We use a fan to homogenize the humidity in the chamber. The obtained mass curves as a function of time have two distinct regimes as shown in Fig. 2(a) . Clearly more water is lost in 100 % HI systems owing to capillary continuity, which serve as hydraulic pathways through which water escapes from the bulk to the evaporating surface [22, 23] . The lesser the degree of hydrophilicity, the more water is retained in the medium because of the absence of this hydraulic continuity [24] . When the capillary flow along the liquid-air interfaces between particles cannot anymore sustain the rate of evaporation, the liquid films in the partially saturated zone detaches from the cell surface and starts to penetrate deeper into the medium, though its size remains almost constant as shown in Fig. 2(b) . The degree of hydrophilicity is linked to the extent of the thickness of partially saturated zones, as shown in Fig. 2(c) .
ROOT GROWTH IN 2D WET GRANULAR MEDIA
Root systems are considered flexible intrusions in the porous medium and its morphology responds to inhomogeneities, such as encountering different ranges of force in the granular material [13, 14] Whereas the characterization of the root growth in our particular granular medium setup is indeed important, the real objective rather is to study the behavior of roots in the presence of added inhomogeneities or intrusions. The presence of certain inhomogeneities in the granular medium would expectedly alter the water distribution dynamics as well.
As an initial attempt, we have grown roots in the presence of a PA-based polymer tubes inserted in the granular medium. The gel swells when it absorbs water. As water from the surrounding granular material is gradually lost from evaporation, the polymer tube is expected to hold more water at longer periods of time. Upon comparison always between two sets of experiments, one with the polymer tube and one without, results have indicated that more roots develop in the presence of the polymer tube. Secondary roots are even attempting to penetrate through the gel as shown in Fig. 3 .
These results suggest that the roots could be responding to a stimulus that senses an area where there is greater water content. As water is depleted from the surrounding medium, the root experiences stress and it could possibly compensate by extending to areas where water is abundant. This phenomenon is robust over a number of trials with the polymer gel tube. The results could be scientifically interesting. From these initial experiments, we have observed a clear difference in root morphology with and without the additive. However, additional experiments are currently being performed to further understand the mechanics and physics of the root growth phenomenon in the presence of inhomogeneities.
Conclusion
Playing with the wettability of the granular medium shows we can control the extent of the partially saturated zone and the amount of water remaining in the granular medium after evaporation. These results suggest that additives can be designed in such a manner that distributes water more effectively while minimizing water loss because of evaporation [19] . Such variable wettability treatments could be applied to root systems and how the root responds to inhomogeneities because of surface treatments (hydrophilic media, hydrophobic media) could bring significant light into the dynamics of root growth. As of present, the controlled evaporation experiments were performed solely to characterize the resulting water distribution in such a model granular material. The HI/HO mixtures were not applied to root growth experiments, but it would be interesting to probe the differences in root-growth dynamics in a granular material of varying wettability. We have also not performed evaporation in real soil systems; however, we did perform it in 3D systems while also using model granular medium. Massloss results are consistent with those obtained in 2D systems as a function of wettability [19] .
Root-growth experiments in 2D systems with inhomogeneities have shown that more roots develop in the presence of the polymer gel intrusion. In addition, roots seem to clump in the vicinity of the gel. This morphological observation also suggests an interesting mechanism that could bring more insight into how roots grow in the presence of a water gradient, which in these experiments is induced by the presence of an inhomogeneity in the form of a polymer tube intrusion. Understanding how roots respond to water stress (as water in the granular material is depleted) remains to be a crucial field of academic and industrial research, as it potentially has applications that could have a wide-ranging economic impact. Furthermore, understanding how roots behave in the presence of additives is also of vital concern as additives are normally used in agriculture for water-retention purposes.
More experiments are currently ongoing and the polymer tube is an initial attempt to finding answers to questions. However, this research could potentially provide more insights into the development of new materials for better water management and contribute to the ongoing discussion of finding solutions for agricultural sustainability.
